Evidence from ecological studies has suggested that alteration of river flows downstream of reservoirs can threaten native aquatic ecosystems. The Three Gorges Reservoir has been controversial since its design and construction stage, and the ecological damage downstream is an important concern. However, protecting long-term health of the river ecosystem has a low priority in reservoir operation compared to other human demands, and is traditionally treated as a constraint of minimum water release. A multi-objective reservoir optimization model incorporating ecological adaption is proposed. Range of variability approach is first used to quantify the hydrological alteration. A satisfying ecological flow scenario is then worked out if it is necessary to take ecological issues into consideration. With the aim of eco-compensation, the reservoir release should be as close to satisfying ecological flow as possible, which is set to be the objective for ecological adaption.
INTRODUCTION
The accomplishment of reservoirs benefits society with multiple objectives, such as flood control, ice prevention, power generation, water supply, navigation, and many other targets. On the other hand, reservoirs give rise to impact on the environment and ecosystems. It has been well documented that existing river ecosystems have developed long-term to adapt to hydrological patterns (Gorman & Karr ; Junk et al. ; Poff & Ward ) , which would be changed by large-scale water conservancy constructions.
Moreover, a number of environmental factors associated with the runoff would alter, such as sediment load, nutrients, water quality, temperature, and water self-purification capacity. These changes affect the habitats of the biocoen in a river basin, and thus transform its structure, The difficulties in optimizing various objectives including eco-compensation simultaneously during reservoir operation mainly lie in: (1) the incommensurability of these objectives, i.e., different objectives are estimated by different criteria; (2) the contradictions between some objectives; and (3) the conditionality among the objectives. For example, maximizing power generation requires maintaining the water level in the reservoir at a high altitude and decreasing the release, while to protect the ecosystem downstream requires water release; meanwhile, the water release should not be too much or too violent to disturb flood control.
In this study, a multi-objective model considering power generation, flood control, and ecological benefits simultaneously is proposed that uses the NSGA-II (nondominated sorting genetic algorithm) technique. The hydrological variation of the runoff downstream before and after reservoir construction is first analyzed by IHA and RVA.
A satisfying ecological flow on the basis of frequency analysis of historical data is then worked out. To alleviate the operation impact on the ecosystem downstream, the release of the reservoir should be as close to the satisfying ecological flow as possible. Meanwhile, the peak flow of the release process needs to be diminished to control flood, and the whole release process should be able to maximize the power generation. Various operational constraints need to be satisfied during the optimization. The proposed methodology is applied to the Three Gorges Reservoir (TGR), which is one of the largest reservoirs in the world. The results not only prove the validity and applicability of the model, but also provide references for the reservoir operation, illustrating that the negative impacts on the river ecosystem by reservoirs can be alleviated at low economic cost.
CASE STUDY
The Yangtze River is the largest river in China, with plenty of water and abundant species resources. The construction of large-scale water conservancy projects, such as the TGR not only affect the river bed evolution and reproduction of the migratory fish directly, but also impact potentially the aquatic biological resources of the lakes, estuaries, and Besides the benefits to flood control and power generation, the construction of the TGR has altered the river terrain boundary, as well as the hydrological characteristics;
as a result, the ecological environment of the Yangtze River is affected detrimentally.
METHODS
The methodology includes three main components: The main idea of the RVA is that if the frequency of the post-impact indicators falling into the range of natural variation, i.e., RVA targets, coincides with that in the pre-impact period, the interference of human activity is slight, and the river still has its natural characteristics; whereas if the frequency of the post-impact indices falling into RVA targets diverges, it means human activity has altered the original river characteristics, and has exceeded the affordable range of the natural ecosystem. Furthermore, such alteration might impact the river ecosystem negatively.
IHA indicators
The 32 indicators selected by the IHA are illustrated as follows, divided into five categories. in Equation (1):
where N e is the count of post-impact years in which the value of the hydrologic parameter fell within the targeted range; N 0 is the count of years for which the value is expected to fall within the targeted range. In this study, N 0 is represented by r × N T , where r is the ratio that the count of pre-impact years' value is expected to fall within the tar- The ability of tolerating hydrological alteration is distinct for different species, so that the severity of the alteration degree of a particular IHA index needs to be quantified. The hydrologic alteration degree D is simply classified into three different severity levels, which are: non-or lowgrade, moderate, and high grade, as shown in Table 1 . The extent of the impact of human activities on the hydrological regime of the river can now be determined by quantitation.
Hydrologic alteration analysis for Yangtze River
Yichang is the release control station of the TGR. Hydrolo- Although the daily fall and daily rise have no significant change after the construction of the reservoir, the frequency of changes grows up with a high grade, which will influence plants, low-speed organisms, and organic matter on flood plains.
Satisfying ecological flow
The criteria of necessarily considering ecologic issues in reservoir operation in this study are set as: (1) the high grade alteration of indicators appears in more than onethird of all the groups; or (2) the total number of high grade and moderate alterations of the indicators is larger than one-third of the total amount of indicators, as shown in Equation (2):
According to the analysis results in Table 2 and the criteria in Equation (2), the ecological issues have to be taken into account in the operation of the TGR.
Minimum ecological water requirement is believed to be the natural drought extremes that can be tolerated (Yu et al. ) . Nevertheless, it is unfavorable hydrological conditions and long-term sustainability of such flow that are not conducive to healthy development of the ecosystem. A satisfying ecological flow is determined as below, which is believed to be a favorable hydrological process allowing to be the guaranteed rate for wet, median, and dry seasons, respectively, as in Chen's study (Chen ) . Then, the flows of each month in different years are ranked respectively according to the frequency, which is also taken as the guaranteed rate. Finally, the flow with the corresponding guaranteed rate of 50, 70, or 90% is selected for each month separately, and they compose a flow scenario, called satisfying ecological flow, as shown in Figure 2 .
Multi-objective optimization model
To increase the benefits from flood control and power generation, more water should be blocked in the reservoir, which will lead to a shortage of water downstream and the destruction of the ecological environment. Besides, stable discharge is preferred to: (1) protect floodwalls downstream; (2) prolong water supply time downstream; and (3) help navigation. At the same time, some flow pulse is necessary for ecosystems, as analyzed above. Not only such conflictions but also the incommensurability among different objectives contributes to the difficulty to optimize the operation.
In this study, the three main operational objectives of the TGR are considered simultaneously to provide optimal scheduling plans with stationary release series, maximal power generation, and as close to the satisfying ecological flow as possible.
Objective function

Objective 1: Flood control
Flood control is the primary function of the TGR, which is accomplished by retaining or shifting the peak flood.
To protect the downstream area and prolong water utilization, the TGR needs to retain some surplus water by its huge impoundment capacity instead of releasing all the floods at once even if the flood threshold is not reached.
After the flood peak passes, the retained flood is released successively to prepare for another flood peak. Thus, minimizing the annual maximum peak flow is one term in the objective function that accounts for flood control, as shown in Equation (3):
where Z is the objective function; Q is the reservoir release (m 3 /s); and t is the index of months (t ¼ 1,2,…,12).
Objective 2: Power generation
Hydropower uses water power to run hydraulic turbines, thus transforming the gravitational potential energy of water into power energy by generators. The higher the water level of the reservoir is, the more power can be generated. The basic function to calculate the hydropower output P (kW) is P ¼ KqH, where K is the output coefficient; q is the turbine flow (m 3 /s); and H is the water head (m). Due to the important role of the TGP and the national development strategy of clean energies, the TGP is used for basic load in the power grid. Thus the objective of power generation is set as maximizing annual power generation E of the cascade reservoir system without consideration of the load demand, as in Equation (4): It needs to be illustrated that most of the time the turbine discharge equals to the reservoir release without abandoned water. When encountering great flood and the reservoir release exceeds the capacity of the turbine, there is surplus water spilled through spillways, which does not contribute to power generation.
Objective 3: Ecological protection
As the satisfying ecological flow has been determined, the objective function for ecological protection is set as minimizing the offset between the release and the satisfying ecological flow, as shown in Equation (5):
Decision variables
Since the reservoir release Q appears in all three objective terms from Equations (3) to (5), this variable has been chosen to be the decision variable, as shown in Equation (6):
Constraints
Mathematically, the reservoir operation needs to satisfy various equality and inequality constraints, including: water balance equality, water level-storage curves of the reservoirs, tail water elevation curves at reservoirs, high and low water level limits of reservoirs, and high and low release limits of reservoirs, as shown from Equations (7) to (12):
where V is the reservoir storage (m 3 ); I is the inflow (m 3 /s); S is the surplus flow exceeding the capacity of turbine (m 3 /s);
Δt is the time length of each period (s); L represents the reservoir water level (m); and T is the tail water elevation (m).
All the constraints are handled by either of two ways: one is to set certain limit conditions when producing the initial population and evolving a new generation; the other is to check whether they are satisfied after the calculation and the unfeasible solutions are filtered out automatically by adding penalty functions to the constraints.
Implementation of optimization
A vector composed of the monthly reservoir release, as shown in Equation (6), is called an individual in genetic algorithms. These individuals are generated randomly at the beginning of the NSGA-II with a population of size A.
The objectives from Equations (3) to (5) are evaluated for each individual respectively. In order to calculate the objective function term of ecology in Equation (5), a satisfying ecological flow has to be worked out based on the IHA and RVA analysis. If either of the two criteria in Equation (2) is met, the ecological issue is deemed to be so severe that the operation of the reservoir has to consider the ecological protection in Equation (5). Otherwise, the ecological flow can be only considered in the constraints.
On the basis of the non-dominated level, the individuals in such parent populations are ranked. Another offspring population of the equal size A is also generated by selection, crossover, and mutation. Then, the parent and offspring compose a new population of size 2A, in which the elitisms are selected for successive generations. There are two significant selective sorting procedures in NSGA-II besides the ordinary GA selection: non-dominated sorting and crowding distance sorting. The mathematical definition of the dominance is shown in Equation (13): spread-out Pareto-optimal front. For two individuals in the same rank of dominance, the one with a greater crowding distance, as defined in Equation (14), is better:
where d 
RESULTS
To apply the NGSA-II algorithm, the following parameters are used. The initial population was set to 300; simulated binary crossover (SBX) (Deb & Table 3 presents the statistics of optimized results after 1,000 generations, including the mean, the best, the worst, For the operation scheme of the dry year satisfying all the three objectives, more water is reserved before the flood season to maintain a high level, which benefits power generation. In flood season, the flood control plays a leading role for optimization, and more water should be released compared with the historical operation. The timing of impoundment is delayed by the optimization, which also helps the power generation. Weighing the three objectives with the same weights, concession of 0.63% of the flood control, and 1.56% of the power generation can produce 4.96% improvement of eco-compensation. Such results can also be used for trading markets for quantification. 
CONCLUSIONS
To incorporate ecological consideration into the reservoir system, this study proposed a multi-objective optimization model with respect to flood control, power generation, and ecological protection simultaneously for a multi-reservoir system. The ecological issue is first evaluated by the IHA and RVA methods. Based on a certain criterion about the severity of the ecological damage by reservoir construction, whether to take the ecological protection as one of the optimization objectives or simply just put it into the constraints, is determined. If the ecological issue is serious so that the ordinary method, i.e., taking a certain amount of water requirement as the lower bound of the reservoir release, is not appropriate any longer, a satisfying ecological flow is calculated on the basis of hydrological frequency. To minimize the offset between the reservoir releases to this satisfying ecological flow is taken as the objective for ecological protection. Together with maximizing power generation and minimizing the peak flow, a multi-objective optimization model is established. NSGA-II is selected to optimize the proposed model, and the methodology is applied to the TGR-GZB cascade system. The results not only provide the operational references for water managers in both wet years and dry years, but also illustrate that the negative impacts on the river ecosystem by reservoirs can be alleviated with low economic cost. The quantitative relationships among different objectives can also be used for trading markets.
